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INTRODUCTION
Activated phagocyte cells have been shown to release the haem enzyme MPO (myeloperoxidase) and are also known to generate superoxide radicals (O 2
•− ) and its dismutation product H 2 O 2 via an oxidative burst. Reaction of MPO with H 2 O 2 in the presence of chloride ions generates a mixture of HOCl and its anion (pK a 7.59; HOCl is used hereafter to designate the physiological mixture of these species). HOCl is a potent bactericide and plays an important role in mammalian defences against invading microorganisms. However, there is now considerable evidence that excessive or misplaced generation of HOCl may play a role in the development of a number of human inflammatory diseases including atherosclerosis, rheumatoid arthritis, periodontal disease and proteinuric glomerulopathies [1] [2] [3] [4] .
The reaction of HOCl with proteins, DNA and glycosaminoglycans has been shown to produce polymer-derived chloramine (R-NCl-H) and chloramide [R-NCl-C(O)-R ] species as a result of the reaction of HOCl with amine and amide functions [5] [6] [7] [8] [9] [10] . For the glycosaminoglycans hyaluronan and chondroitin sulphate, chloramides are the major species formed due to the high concentration of N-acetyl groups (on glucosamine or galactosamine residues) in the repeating disaccharide units of these polymers [11] . Decomposition of glycosaminoglycan chloramides to polymer-derived amidyl [R-N
• -C(O)-R ] radicals has been shown to initiate site-specific polysaccharide fragmentation [10] . Lowvalent transition metal ions (e.g. Cu + or Fe 2+ ) stimulate this process by one-electron reduction of the chloramides [10] .
Evidence has been obtained from both EPR studies and product analyses for the rearrangement of these polymer-derived amidyl radicals via intramolecular hydrogen atom abstraction to yield polymer-derived carbon-centred radicals and that further reaction of these radicals via O 2 -dependent and -independent processes results in strand scission (Scheme 1) [10] . Protein chloramines have also been shown to react with low-valent transition metal ions and with O 2
•− ; these reactions lead to the formation of nitrogencentred radicals and backbone fragmentation [12] .
Glycosaminoglycans, such as hyaluronan and chondroitin sulphates, are important components of ECM (extracellular matrix) and modulate a variety of cellular and tissue functions [13] . These negatively charged polysaccharides avidly bind the positively charged (cationic) MPO [14] [15] [16] [17] and hence are likely to be important targets for MPO-derived oxidants. Glycosaminoglycans also form stable complexes with transition metal ions, such as Cu 2+ [18, 19] , which can catalyse glycosaminoglycan chloramide decomposition [10, 20] . Evidence has been obtained that HOCl induces fragmentation of glycosaminoglycans in cultured ECM, and in ECM isolated from pig aortae, via the formation and subsequent decomposition of polymer-derived chloramides to radicals [20] .
In the present study, we have examined the hypothesis that O 2
•− might enhance the decomposition of glycosaminoglycan chloramides via one-electron reduction (either directly or via a metal-ion-mediated process) to form polymer-derived amidyl radicals and, consequently, initiate strand scission. The induction of damage to glycosaminoglycans in this manner may be of Extensions of the partial structures shown are indicated by dashed bonds. Evidence for the mechanisms depicted has been presented in [10] .
considerable biological importance since O 2
•− and MPO-derived HOCl are generated concurrently by activated phagocytes [21] .
EXPERIMENTAL

Materials
Solutions were prepared using water filtered through a four-stage Milli Q system. pH control was achieved using 0.1 M phosphate buffer (pH 7.4) treated with washed Chelex resin (Bio-Rad Laboratories, Hercules, CA, U.S.A.) to remove contaminating trace metal ions. Sodium hyaluronate (hyaluronan; 120 kDa) was obtained from Genzyme (Cambridge, MA, U.S.A.). Chondroitin sulphate A (chondroitin-4-sulphate, from whale cartilage, 25-50 kDa) was obtained from Seikagaku (Chuo-Ku, Tokyo, Japan). Copper-zinc SOD (superoxide dismutase, from bovine erythrocytes, S-2515), XO (xanthine oxidase, X-4500), BSA (A-6003), potassium superoxide (KO 2 ) and DMSO (spectrophotometric grade) were obtained from Sigma (St. Louis, MO, U.S.A.) and used as supplied. The SOTS-1 (superoxide thermal source 1), di-(4-carboxybenzyl)hyponitrite [22] , was a gift from Professor C. Easton (Research School of Chemistry, Australian National University, Canberra, Australia). DMPO (5,5-dimethyl-1-pyrroline-N-oxide; ICN, Seven Hills, NSW, Australia) was purified before use by treatment with activated charcoal. Stock solutions of MNP (2-methyl-2-nitrosopropane) were made up in acetonitrile (CH 3 CN) and diluted into the final reaction mixture such that the final concentration of CH 3 CN was 10 % (v/v).
HOCl solutions were prepared by dilution of a concentrated stock (0.5 M in 0.1 M NaOH) in 0.1 M (pH 7.4) phosphate buffer, with the HOCl concentration determined spectrophotometrically at pH 12 using the molar absorption coefficient ε 292 of 350 M −1 · cm −1 [23] . All other chemicals were of analytical grade. Three O 2 •− sources were employed in these studies: (i) SOTS-1 ( 1.34 mM SOTS-1, 37
• C, pH 7.4), (ii) KO 2 in DMSO/50 mM crown-18 polyether [ 4.54 mM final concentration of KO 2 (see below), 22
• C, pH 7.4] and (iii) an aerobic acetaldehyde (CH 3 CHO)-XO system ( 4.9 mM CH 3 CHO, 0.93-0.97 unit/ml XO, 22
• C, pH 7.4). SOTS-1 undergoes slow decomposition at 37
• C and pH 7.0 (t 1/2 = 4900 s) to yield O 2 •− in approx. 40 % yield [22, 24] . Stock solutions of KO 2 ( 50 mM) in DMSO/ 50 mM crown-18 polyether (360 µl) were infused into stirred aqueous solutions (3600 µl) through poly(tetrafluoroethylene) syringe needles at a rate of 4 µl/min; the reported concentrations of KO 2 in the paper refer to the final concentrations of KO 2 that would be present if the stock solution were added as a bolus. Acetaldehyde was selected as a substrate for XO, as xanthine (one of the natural substrates for XO) is a purine, and such compounds react rapidly with HOCl [7] and probably react with chloramides, thereby giving rise to artifacts (cf. reaction of NADH with chloramides [25] ).
Assay of chloramides
TNB (5-thio-2-nitrobenzoic acid; 35-45 µM, prepared as described previously [26, 27] ) was used to quantify the yield of chloramides after 15 min reaction using ε 412 
PAGE
Samples were analysed using 20 % polyacrylamide gels and Alcian Blue staining as described previously with Bromophenol Blue as a tracking dye [10] . Aliquots (40 µl) from reaction mixtures were treated with 5 µl of 200 mM methionine at room temperature for 30 min to quench residual chloramides, and stored at − 18
• C before analysis. Gels were scanned and digitized over a linear range using a Bio-Rad Gel Doc 1000 system and associated software (Bio-Rad Laboratories).
The electrophoretic mobility of hyaluronan and chondroitin-4-sulphate chains is inversely proportional to the log of their molecular mass over a wide molecular mass range [29, 30] . Therefore a loss of the parent band and a shift in staining towards the bottom of the gel represents a decrease in molecular mass. Digestion of hyaluronan and chondroitin-4-sulphate with testicular hyaluronidase produces a homologous series of oligosaccharides that differ only in their disaccharide content; these digests are visualized on polyacrylamide gels as 'ladders' and can be used as a molecular mass scale. The smallest oligosaccharides stained by Alcian Blue in polyacrylamide gels are the hyaluronan 8-disaccharide (with subsequent silver staining) [29] and the chondroitin-4-sulphate 3-disaccharide [30] . Exhaustive and partial digests of hyaluronan and chondroitin-4-sulphate (prepared as described in [31] and [30] respectively) were co-analysed in adjacent lanes in the above manner with Bromophenol Blue as tracking dye. The bands corresponding to the hyaluronan 8-disaccharide and the chondroitin-4-sulphate 3-disaccharide were identified as the fastest migrating bands in the exhaustive digests. Counting upwards from these bands, the bands corresponding to the hyaluronan 18-disaccharide and the chondroitin-4-sulphate 12-disaccharide were located. The relative fronts of these oligosaccharides compared with Bromophenol Blue (Rf BPB ) were then calculated: hyaluronan 18-disaccharide, Rf BPB = 0.51; chondroitin-4-sulphate 12-disaccharide, Rf BPB = 0.83. In subsequent gels, the migration distances of these oligosaccharides were calculated by multiplying the measured migration distance of Bromophenol Blue by the appropriate Rf BPB value.
Statistical analyses
Statistical analyses were performed using a GraphPad Prism software package (GraphPad Software, San Diego, CA, U.S.A.) with either one-or two-way ANOVA and post-hoc testing.
RESULTS
Preparation of glycosaminoglycan chloramides
Chloramide derivatives of hyaluronan and chondroitin-4-sulphate (see Figure 1 for structures) were prepared as described previously by reaction with HOCl at 37
• C [10] . Briefly, hyaluronan (3.65 mg/ml; approx. 9.1 mM amide groups) and chondroitin-4-sulphate (4.6 mg/ml; approx. 9.0 mM amide groups) were incubated with HOCl (45.5 mM) at 37
• C for 16 min; excess HOCl was subsequently removed by size-exclusion (PD10) chromatography. This methodology yielded chloramide concentrations, as assayed by TNB, of approx. 0.7 and 1.6 mM for chondroitin-4-sulphate and hyaluronan respectively, representing approx. 16 and 35 % conversion of the polymer N-acetyl amide functions into chloramides.
Decomposition of glycosaminoglycan chloramides in the absence and presence of O 2 ᭹−
The stability of the chloramide derivatives of hyaluronan and chondroitin-4-sulphate was examined at 37
• C and pH 7.4, under aerobic conditions in the absence or presence of added agents over 2-24 h using the TNB assay. Under these conditions, both glycosaminoglycan chloramides were stable in the absence of added agents (Figure 2 ), consistent with previous results [10] .
•− ] stimulated the decomposition of the glycosaminoglycan chloramides in a time-and concentration-dependent manner ( Figure 2 ). The time course of this decomposition is in accordance with the expected rate of O 2
•− generation from SOTS-1 under these conditions (t 1/2 4900 s at 37
• C and pH 7.0; [22] ). The total chloramide losses induced after complete decomposition of SOTS-1 (370-1230 µM at 24 h) were close to or exceeded the theoretical yields of O 2
•− (550 µM). SOTS-1 that had been decomposed before its addition (by incubation at 37
• C for 24 h) did not induce chloramide decomposition (results not shown). With 1.34 mM SOTS-1, the inclusion of SOD (196 units/ml; 0.05 mg/ml) protected against SOTS-1-induced decomposition of hyaluronan chloramides ( Figure 3A) , whereas the inclusion of inactivated SOD (heated at > 95
• C for 10 min) did not (results not shown). Inclusion of EDTA (500 nM) or BSA (0.05 mg/ml) under identical reaction systems also resulted in significant decreases in the extent of hyaluronan chloramide decomposition induced by SOTS-1 ( Figures 3B and 3C) . SOD, EDTA and BSA exerted analogous protective effects against SOTS-1-induced decomposition of chondroitin-4-sulphate chloramides (results not shown). SOD, heat-inactivated SOD, EDTA and BSA alone had no effect on the stability of either of the glycosaminoglycan chloramides (results not shown).
KO 2 stimulated decomposition of hyaluronan chloramides (1210 µM) in a concentration-dependent manner at 22
• C and pH 7.4 (180, 340 and 470 µM chloramides decomposed in the presence of 0.91, 2.27 and 4.54 mM KO 2 respectively); neither DMSO nor crown-18 polyether affected the stability of the chloramides.
An aerobic CH 3 CHO-XO system (4.9 mM CH 3 CHO, 0.97 unit/ ml XO, 22
• C, pH 7.4, 30 min) also stimulated decomposition of the glycosaminoglycan choramides [hyaluronan chloramides (1160 µM): 370 µM decomposed; chondroitin-4-sulphate chloramides (490 µM):
The effect of the nitrone spin-trap DMPO on the ability of O 2
•− sources to induce chloramide decomposition was examined, as DMPO is known to react, albeit slowly, with O 2
•− [32] . DMPO (102 mM) exerted partial protection against chloramide decomposition induced by SOTS-1 (1.09 mM SOTS-1, 37
• C, pH 7.4, 2 h incubation) and the CH 3 CHO-XO system (4.0 mM CH 3 CHO, 0.93 unit/ml XO, 22
• C, pH 7.4, 30 min incubation; approx. 50 % inhibition in each case). DMPO alone did not induce detectable chloramide decomposition after 30 min incubation at 22
• C; however, this agent induced a low extent of chloramide decomposition (240 µM) after 2 h incubation at 37
• C. Equivalent experiments were performed with the nitroso spin-trap MNP (20.4 mM, from a stock prepared in CH 3 CN). MNP alone did not affect the stability of the chloramides. With the above-mentioned O 2
•− sources, similar extents of chloramide decomposition (approx. 100-300 µM) were observed in the presence of acetonitrile alone and in the presence of MNP. • C and pH 7.4 resulted in the detection of broad, anisotropic EPR signals and a number of (minor) sharp, isotropic EPR signals ( Figure 4A ). The broad EPR signals are assigned to polymer-derived carbon-centred radical adducts with [33] . The same isotropic signals were observed after exposure of the native polymer to the complete reaction system in the presence of DMPO; however, no polymer-derived radical adducts were detected ( Figure 4B ). No polymer-derived radicals were detected after incubation of the chondroitin-4-sulphate chloramides in the absence of the enzyme and CH 3 CHO ( Figure 4C ). Similar behaviour was observed in equivalent experiments with hyaluronan chloramides and hyaluronan (results not shown).
In equivalent experiments with MNP (20.4 mM) as spin trap, exposure of both glycosaminoglycan chloramides to the CH 3 CHO-XO system resulted in the detection of broad, anisotropic EPR signals and two isotropic EPR signals ( Figure 4D ). The broad EPR signals are assigned to polymer-derived carboncentred radical adducts with a(N) approx. [34] . These isotropic signals were also observed with the native polymer; however, the polymer-derived radical adducts were not ( Figure 4E) . No polymer-derived radicals were detected after incubation of the hyaluronan chloramides in the absence of the enzyme and CH 3 CHO ( Figure 4F ). Similar behaviour was observed in equivalent experiments with chondrotin-4-sulphate chloramides and chondroitin-4-sulphate (results not shown).
In contrast with the results obtained using DMPO with the CH 3 CHO-XO system, neither O 2
•− or polymer-derived radicals were detected after incubation of 1.09 mM SOTS-1 (37
• C, pH 7.4, 30 min) with 102 mM DMPO in the presence or absence of the glycosaminoglycan chloramides or the native polymers. Instead, a signal [a(N) 1.45, a(β-H) 1.02 and a(γ -H) 0.14 mT] was detected in each case, which is assigned to the adduct of a SOTS-1-derived alkoxyl radical [
• OC(H)OH-Ph-CO 2 − ] formed after decomposition of the DMPO adduct of the SOTS-1-derived α-hydroxybenzylperoxyl radical [
Rees, C. L. Hawkins and M. J. Davies, unpublished work). The failure to detect O 2
•− or polymer-derived radicals in the above experiments is probably due to trapping of SOTS-1-derived radicals [e.g. α-hydroxybenzylperoxyl radical,
• OOC(H)OH-Ph- •− on the structural integrity of the glycosaminoglycan chloramides, as assessed by PAGE, was investigated by incubation of these materials in the absence and presence of SOTS-1 at 37
• C and pH 7.4 under aerobic conditions over 2-24 h. Whereas little or no polymer fragmentation was detected on incubation of the glycosaminoglycan chloramides alone (as observed previously [10] ), the inclusion of SOTS-1 (0.134-1.34 mM) induced polymer fragmentation in a time-and concentration-dependent manner ( Figure 5 ). The rate and extent of this fragmentation is consistent with the rate and extent of chloramide decomposition detected in these incubations (cf. Figure 2 ). When fragmentation of chondroitin-4-sulphate was extensive, regular banding was observed on the lower portions Spectrum D, hyaluronan chloramides (680 µM) with complete system; spectrum E, hyaluronan with complete system; spectrum F, hyaluronan chloramides (680 µM) with no CH 3 CHO or XO.
Component signals in spectra D-F are denoted and assigned as follows: ᭺, MNP adducts of polymer-derived, carbon-centred radicals with the partial structure
• CHRR ; , MNP-H; , DTBN.
of gels (results not shown), consistent with the occurrence of site-specific fragmentation as detected in metal-ion-catalysed reactions [10] . With extensively fragmented hyaluronan samples, a low degree of staining was observed, as very low-molecularmass hyaluronan oligosaccharides do not readily bind Alcian Blue [31] . No polymer fragmentation was detected in analogous incubations with the native glycosaminoglycans (results not shown) or with the glycosaminoglycan chloramides that had been quenched by prior reaction with excess methionine (Figures 6A  and 6E ). SOTS-1 that had been decomposed (by incubation at 37 • C for 24 h) before its addition did not induce fragmentation (results not shown). SOD (196 units/ml; 0.05 mg/ml), EDTA (500 nM) and BSA (0.05 mg/ml) protected against SOTS-1-induced fragmentation of the glycosaminoglycan chloramides ( Figures 6B-6D and 6F-6H ), but heat-inactivated SOD did not (results not shown). Methionine, SOD, inactivated SOD, EDTA and BSA alone had no effect on the structural integrity of the glycosaminoglycan chloramides ( Figures 6A-6H , lane 2 in each case; results for inactivated SOD not shown).
KO 2 (0.91-4.54 mM) induced fragmentation of hyaluronan chloramides (1210 µM) in a concentration-dependent manner but did not induce detectable fragmentation of the native polymer (results not shown).
Exposure of both glycosaminoglycan chloramides (hyaluronan chloramides, 1160 µM and chondroitin-4-sulphate chloramides, 490 µM) to an aerobic CH 3 CHO-XO system (4.9 mM CH 3 CHO, 0.97 unit/ml XO, 22
• C, pH 7.4, 30 min) also gave rise to polymer fragmentation ( Figures 7A and 7B, lane 3 in each case) . In contrast with SOTS-1 and KO 2 , this O 2
•− source also induced fragmentation of the native polymers ( Figures 7A and 7B , lane 7 in each case); however, the extent of this fragmentation was less than that observed with the glycosaminoglycan chloramides.
The effects of the nitrone spin-trap DMPO and the nitroso spintrap MNP on the ability of O 2
•− sources to induce fragmentation of the glycosaminoglycan chloramides were also examined. DMPO (102 mM) exerted partial protection against fragmentation of the glycosaminoglycan chloramides induced by the CH 3 CHO-XO system (4.0 mM CH 3 CHO, 0.93 unit/ml XO, 22
• C, pH 7.4, 30 min incubation) ( Figures 7A and 7B ) and SOTS-1 (1.09 mM SOTS-1, 37
• C, pH 7.4, 2 h incubation) (results not shown). No fragmentation was observed in the presence of DMPO alone. With the above-mentioned O 2
•− sources, similar extents of fragmentation were observed in the presence of acetonitrile alone and in the presence of MNP (results not shown).
DISCUSSION
In the present study, it has been shown that O 2
•− stimulates the decomposition of glycosaminoglycan chloramides, resulting in the formation of polymer-derived carbon-centred radicals and polymer fragmentation. The results obtained are consistent with the initial formation of (undetected) polymer-derived amidyl radicals after one-electron reduction of the chloramides, mediated either directly or indirectly, by O 2
•− (Scheme 2). The reactions of glycosaminoglycan-derived amidyl radicals have been examined in detail in a previous report [10] . Those studies have provided evidence for the formation of C-4 carbon-centred radicals on the uronic acid residues, and subsequent reaction of these carboncentred radicals, via O 2 -dependent and -independent pathways, to give site-specific strand scission at N-acetylglycosamine β-(1 → 4) uronic acid glycosidic bonds (Scheme 1) [10] . The polymer-derived carbon-centred radicals detected by EPR spin trapping in the current study are proposed to be those formed via these processes. The site-specific cleavage mechanisms depicted in Scheme 1 are believed to underlie the formation of the welldefined, low-molecular-mass species detected on polyacrylamide gels. The protection afforded by SOD (but not inactivated SOD) against chloramide decomposition and polymer fragmentation demonstrates that these processes are O 2
•− dependent. This is also consistent with the observed protective effect of DMPO against both chloramide decomposition and polymer fragmentation. SOTS-1-induced polymer fragmentation was shown to be strictly chloramide dependent, as this process did not occur with the native polymers or where the chloramides had been quenched by prior treatment with methionine. Similarly, KO 2 (an authentic source of O 2
•− ) induced fragmentation of hyaluronan chloramides but not the native polymer. In contrast with these O 2
•− sources, some chloramide-independent glycosaminoglycan fragmentation was detected with the CH 3 CHO-XO system. This fragmentation is consistent with previous results [35] , and is attributed to the production of HO
• from H 2 O 2 (arising from dismutation of O 2
•− ) via a metal ion-catalysed Haber-Weiss reaction [36] . Contaminating metal ions, which may catalyse this reaction, are known to be present in many commercial samples of XO and are extremely difficult to remove [22] .
O 2 •− may react directly with the glycosaminoglycan chloramides (pathway A, Scheme 2) or via an indirect pathway catalysed by trace (contaminating) transition metal ions (pathway B, Scheme 2). Evidence was provided previously that reaction of other chloramides with O 2
•− occurs via both these pathways [12] . Although the buffers used to prepare each of the reagent solutions were treated with Chelex resin to remove transition metal ions, low levels of these species may be present bound to •− may also be generated via elimination reactions of alkylperoxyl radicals that are ubiquitous intermediates in the aerobic oxidation of polysaccharides, proteins and DNA [42, 43] . Previous studies with model sugar compounds suggest that O 2
•− may be eliminated from the glycosaminoglycan-derived peroxyl radicals that are formed via reactions initiated by glycosaminoglycan amidyl radicals under aerobic conditions (Scheme 1) [10] . The carbon-centred radicals generated on rearrangement of glycosaminoglycan amidyl radicals can also undergo β-scission reactions to yield CO 2
•− [10] , which can rapidly reduce O 2 to O 2
•− [44] . It is believed that O 2 •− produced in such reactions and/or lowvalent transition metal ions generated on metal ion reduction by O 2
•− may stimulate further chloramide decomposition. Consistent with the occurrence of such chain reactions, the SOTS-1-induced losses of the glycosaminoglycan chloramides were approximately equal to or greater than the theoretical yields of O 2
•− from SOTS-1 under the conditions employed.
The generation of O 2 •− by activated phagocytes is accompanied by the release of MPO that converts H 2 O 2 into HOCl in the presence of physiological concentrations of Cl − ions [21] . Since the highly basic (cationic) MPO binds avidly to the negatively charged glycosaminoglycans of the ECM [14] [15] [16] [17] , it is expected that this material would be an important target for oxidation by MPO-derived HOCl; evidence has been obtained in support of this hypothesis [45] . Transition metal ions such as Cu 2+ and Fe 3+ have also been detected at high levels at inflammatory foci [46] [47] [48] . These metal ions can form stable complexes with glycosaminoglycans [18, 19] and are, therefore, probably available to catalyse O 2
•− -dependent glycosaminoglycan degradation. Reaction of ECM obtained from cell cultures and healthy pig aortae with HOCl has been shown to result in the fragmentation of matrix proteins and glycosaminoglycans in a manner consistent with the formation and decay of polymer-bound N-chloro species (chloramines/chloramides) [20] .
It is known that hyaluronan fragments accumulate at sites of inflammation and tissue injury [49] [50] [51] [52] , as do modified/fragmented versions of other matrix components including chondroitin sulphates [53] [54] [55] . Glycosaminoglycan fragments may be produced via the action of hyaluronidases [56] , which can be increased at sites of disease [57] . However, the oxidation of glycosaminoglycans by HOCl and O 2
•− , via the processes outlined in the present study, is also a potential source of glycosaminoglycan fragments at inflammatory foci, where these oxidants are produced concurrently.
The HOCl-mediated oxidative modification/fragmentation of ECM may have important biological consequences. It is known that changes in (non-modified) matrix components can have profound effects on cell adhesion, proliferation, growth and cell phenotype [13, 58, 59] , as can oxidation of normal matrix components [60] . Whereas highly polymerized hyaluronan is biologically relatively benign [61] , low-molecular-mass hyaluronan oligosaccharides have major biological effects: notably, they appear to play a role in the recruitment and activation of inflammatory macrophages, which may result in an exacerbation of the inflammatory process and tissue damage [49, [62] [63] [64] [65] .
